High-fat (HF) diet modulates gut microbiota and increases plasma concentration of lipopolysaccharide (LPS) which is associated with obesity and its related low-grade inflammation and cognitive decline. Rhein is the main ingredient of the rhubarb plant which has been used as an anti-inflammatory agent for several millennia. However, the potential effects of rhein against HF diet-induced obesity and its associated alteration of gut microbiota, inflammation and cognitive decline have not been studied. In this study, C57BL/6J male mice were fed an HF diet for 8 weeks to induce obesity, and then treated with oral rhein (120 mg/kg body weight/ day in HF diet) for a further 6 weeks. Chronic rhein treatment prevented the HF diet-induced recognition memory impairment assessed by the novel object recognition test, neuroinflammation and brain-derived neurotrophic factor (BDNF) deficits in the perirhinal cortex. Furthermore, rhein inhibited the HF dietinduced increased plasma LPS level and the proinflammatory macrophage accumulation in the colon and alteration of microbiota, including decreasing Bacteroides-Prevotella spp. and Desulfovibrios spp. DNA and increasing Bifidobacterium spp. and Lactobacillus spp. DNA. Moreover, rhein also reduced body weight and improved glucose tolerance in HF diet-induced obese mice. In conclusion, rhein improved recognition memory and prevented obesity in mice on a chronic HF diet. These beneficial effects occur via the modulation of microbiota, hypoendotoxinemia, inhibition of macrophage accumulation, antineuroinflammation and the improvement of BDNF expression. Therefore, supplementation with rheinenriched food or herbal medicine could be beneficial as a preventive strategy for chronic HF diet-induced cognitive decline, microbiota alteration and neuroinflammation.
1
High-fat (HF) diet modulates gut microbiota and increases plasma concentration of 2 lipopolysaccharide (LPS), metabolic endotoxemia, which is associated with obesity and its 3 related low-grade inflammation and cognitive decline. Rhein is the main ingredient of the 4 rhubarb plant which has been used as an anti-inflammatory agent for several millennia. 5 However, the potential effects of rhein against HF diet-induced obesity and its associated 6 alteration of gut microbiota, inflammation and cognitive decline have not been studied. In 7 this study, C57BL/6J male mice were fed a HF diet for 8 weeks to induce obesity, and then 8 treated with oral rhein (120 mg/kg body weight per day in HF diet) for a further 6 weeks. Obesity is a major risk factor for the development of insulin resistance, type 2 diabetes, and 27 cognitive decline in neurodegenerative diseases such as Alzheimer's disease (AD) and 28 vascular dementia [1, 2] . Patients with AD have been characterized by deficits in recognition 29 memory [3] . The perirhinal cortex plays an important role in higher object recognition 30 memory [4] . Lesions in the perirhinal cortex severely disrupt object recognition [5] , 31 object-in-place memory, and temporal order recognition memory [6, 7] in rodent studies. 32 Empirical evidence has linked high-fat (HF) diet-induced obesity with impairments in 33 learning and memory, including a decline in recognition memory [8] as assessed with the 34 novel object recognition test. 35 Nowadays, it is widely accepted that obesity and its associated cognitive decline is 36 associated with low-grade systemic and central inflammation, despite the fact that the 37 molecular origin of the inflammation is poorly understood [9, 10] 
Immunohistochemistry

145
The immunohistochemical staining has been described in our previous work (Dinh et al., Lactobacillus spp. DNA were significantly increased (p < 0.001, p = 0.003) (Fig 1) . A (Fig. 1) . Meanwhile, the rhein treatment prevented the HF 
Rhein decreased plasma LPS concentration in obese mice induced by a HF diet
238
To further determine whether changes in the gut microbiota could be associated with 239 systemic inflammation, we measured the plasma concentration of LPS, a trigger of 240 inflammation. The concentration of plasma LPS was 59% higher in the HF group than the 241 control group (HF: 1.02±0.12 EU/ml, Control: 0.64±0.11 EU/ml, p < 0.001) (Fig. 2A) . The 242 rhein treatment for 6 weeks prevented an increase of plasma LPS induced by the HF diet (HF: 243 1.02±0.12 EU/ml, HF+R: 0.64±0.13 EU/ml, p < 0.001). There was no difference between the 244 control and HF+R groups in the plasma LPS concentrations (p = 1.000). 
Rhein reduced M1 macrophage accumulation in the colon of HF diet-induced obese mice
247
To investigate the effect of rhein on macrophage accumulation in the colon of HF diet mice, 248 we stained macrophages with F4/80 antibody (Fig 2B and C) . The positive immunoreactivity 249 of F4/80 was significantly increased in the colon of obese mice, however this was reduced by 250 the rhein treatment (Fig. 2B) . Furthermore, we characterized the type of macrophages. CD11c 251 was used to detect M1 macrophages which produce pro-inflammatory cytokines, and CD206 252 was used to detect M2 macrophages which produce anti-inflammatory cytokines [44, 45] .
253
Rhein significantly reduced the CD11c positive staining in the colon of obese mice compared 254 to the obese mice without rhein treatment ( Fig. 2B and C ). There were no significant 255 differences in the CD206 staining in the colon of obese mice compared to the obese mice 256 without rhein treatment ( Fig. 2B and C) . (Fig. 3) prevented an increase of NFκB and p-JNK (p = 0.036, p = 0.003) (Fig. 3) . The 271 pro-inflammatory cytokine IL-1, IL-6, and TNF-α levels were significantly higher in the HF 272 group compared to the control group (p = 0.025, p = 0.011, p = 0.011) (Fig. 3) . The IL-1 and 273 IL-6 levels were significantly lower in the HF+R group than the HF group (p = 0.032; p = 274 0.006). However, the rhein treatment did not significantly decrease the TNF-α level. (Fig. 4A) , 286 suggesting that the HF diet significantly impaired novel object recognition performance. We evaluated the effect of rhein on the level of BDNF in the perirhinal cortex of HF diet 297 fed mice using western blotting analysis. The BDNF level was significantly lower in the HF 298 group than the control group (p < 0.001) (Fig. 4C) , while the rhein treatment significantly 299 increased the BDNF level in the HF+R group compared to the HF group (p < 0.001).
Rhein improved recognition memory and increased BDNF levels in the perirhinal cortex
300
However, the BDNF level was still lower in the HF+R group than the control group (p = 301 0.036) (Fig. 4C ). Pearson's correlation analysis revealed a significantly positive correlation 302 between the discrimination index of the novel object recognition test and the BDNF level in 303 the perirhinal cortex (r = 0.622, p = 0.008) (Fig. 4D) . Furthermore, there was a negative 304 correlation between the discrimination index value and the plasma LPS level (r = -0.705, p = 305 0.002) (Fig. 4E) (Fig. 5A) . Furthermore, the energy intake was 317 significantly decreased on the first day following rhein treatment compared to the HF diet (p 318 < 0.001) (Fig. 5B) . However, there was no significantly difference in the energy intake for 
Discussion
328
In this study, we found that a chronic HF diet altered gut microbiota, increased plasma LPS, 
